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Abstract
Semiconducting gadolinium silicide GdxSi samples were prepared by mass-analyzed low-energy dual ion beam
epitaxy technique. Auger electron spectroscopy depth proﬁles indicate that the gadolinium ions are implanted into the
single-crystal silicon substrate and formed 20 nm thick GdxSi ﬁlm. X-ray double-crystal diffraction measurement shows
that there is no new phase formed. The XPS spectra show that one type of silicon peaks whose binding energy is
between that of silicide and silicon dioxide, and the gadolinium peak of binding energy is between that of metal Gd and
Gd2O3. All of these results indicate that an amorphous semiconductor is formed. r 2002 Elsevier Science B.V. All
rights reserved.
PACS: 81.05.Zx; 81.15.Hi; 81.05.Gc; 82.80.Pv
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1. Introduction
Diluted magnetic semiconductors (DMS), also
called semimagnetic semiconductors, have been
studied for decades. The most extensively studied
and most thoroughly understood materials of
DMS are A1x
II MnxB
VI and A1x
III MnxB
V, in which
Mn replaces a fraction of group II or III
sublattices randomly. However, for years the
DMS were not promising for applications because
of the low Curie temperature [1] and low
magnetization saturation resulting from low con-
centration of Mn [2,3].
Transition metal silicides have gained consider-
able attention as components in silicon-based
microelectronics. Their favorable electrical proper-
ties and high thermal stability have much attrac-
tion for applications in large-scale integration
circuits as gates and reliable high-barrier Schottky
of Ohmic contacts [4]. Some semiconducting
transition metal silicides like CrSi2 [5], MnSix
[6,7] and b-FeSi2 [8] show metallic properties.
*Corresponding author.
E-mail address: jianpingzh@red.semi.ac.cn,
j p zhou@sina.com (J.-p. Zhou).
0022-0248/02/$ - see front matter r 2002 Elsevier Science B.V. All rights reserved.
PII: S 0 0 2 2 - 0 2 4 8 ( 0 2 ) 0 1 4 3 3 - 1
Unfortunately, relatively little work has been
done on the incorporation of rare earth elements
into covalent semiconductors, such as silicon and
germanium, because of their rather low solubili-
ties. But in ﬁlms, amorphous silicon doped with
high concentration of rare-earth elements can be
prepared by a non-equilibrium process at low
temperature [9], similar to the preparation of Fe–
N ﬁlms with high N concentration [10]. Gadoli-
nium, as an interesting magnetic atom for its
incomplete 4f subshells, possesses two favorable
magnetic properties: high atomic magnetic mo-
ment 7.9mB; much larger than that of iron, and has
a high Curie temperature 293K. It was concluded
that gadolinium, as well as other rare earth
elements, exhibits valence behavior similar to
elements in group III of the Periodic Table [11].
Gadolinium is nearly always trivalent and has
comparable ionic radii. In future work, GdxSi has
been shown to have a negative magnetoresistance
of about 5 orders of magnitude by 100 kOe at 1K
[12] and metal–insulator transition induced by
magnetic ﬁeld at low temperature [13–15]. In this
paper, GdxSi was obtained by mass-analyzed low-
energy dual ion beam epitaxy technique. The
atomic concentration dependence on the depth is
studied by Auger electron spectroscopy (AES)
while the structure of the samples and the chemical
environment of the elements are analyzed by X-ray
double-crystal diffraction (XRD) and the electron
spectroscopy for chemical analysis (ESCA), re-
spectively.
2. Material preparation
The samples were prepared by low-energy dual
ion beam system, which can purify ions by mass
selection in magnetic analyzer. The detailed
description of the system is shown in Ref. [16].
Phosphor-doped silicon (1 0 0) was used as sub-
strate. After cleaning with ethanol, acetone, HF
and deionized water, the silicon was delivered into
deposition chamber by a mechanical hand. The
vacuum was o1 106 Pa in the chamber. The
Gadolinium ion beams were produced by Bernas-
type ion source. Through mass-selection in mag-
netic ﬁled and acceleration in electric ﬁeld,
gadolinium ions were implanted into silicon
substrate with the energy of 1000 eV. And the
substrate was kept at room temperature during
implanting for avoiding forming the new phases.
The two samples were implanted with doses of
3 1017 cm2 (sample A) and 4.5 1017 cm2
(sample B), respectively.
3. Results and discussion
3.1. Compositional analyses
The PHI-610/SAM AES system was employed
for analyzing the compositional variation of the
samples. Fig. 1 is the AES spectra, which show
that there are gadolinium, silicon, carbon and
oxygen at the sample surface and inside the
sample, the carbon is disappeared, but the oxygen
is still in. The oxygen atoms at the surface of the
substrate diffuse with gadolinium ions while
implanting.
The sample depth proﬁles are shown in Fig. 2. It
can be seen that the gadolinium atomic concentra-
tion of the samples A and B is 66% and 67% at the
surface of the sample, reduces to 52% and 56% at
the depth of 20 nm, respectively. The ﬁlm between
the surface and the depth of 20 nm can be regarded
as an epilayer. And the ﬁlm between 20 and 58 nm
is a Gd-implanted layer. The high atomic con-
centration of oxygen at the sample surface
indicates that gadolinium is easily oxidized. The
concentration of the element gadolinium decreases
with the depth and can be just ﬁtted in the right
part of the Gaussian curve as shown by the dashed
curves in the ﬁgure.
3.2. Structural analyses
The structure of the samples was investigated by
X-ray diffraction, but there are no other diffrac-
tion peaks except for Si(0 0 4). The XRD patterns
are not shown here. Then we measured the sample
B vacuum annealed at 2001C for 30min by the X-
ray double-crystal diffractometer. The X-ray
diffractometer used is Philips X0pert-MRD (X0Pert
Pert Materials Research Diffractometer System)
equipped with a multipurpose sample stage. The
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wavelength of X-ray radiated from the Cu Ka is
0.1540562 nm. The XRD proﬁle measured by o
2y scanning is shown in Fig. 3, in which again
there is only the Si(0 0 4) peak. To study more
carefully, the sample was scanned slowly near
34.171 at the step of 0.00051/2s and the Si substrate
was also scanned for comparison. The inset in the
ﬁgure shows the blown-up spectra of GdxSi(0 0 4)
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Fig. 1. Auger electron spectroscopy spectra: (A1) at the surface of sample A; (A2) at the 18 nm depth of sample A; (B1) at the surface
of sample B; (B2) at the 27 nm depth of sample B.
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Fig. 2. Auger electron spectroscopy depth proﬁles of samples A and B.
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and Si(0 0 4). By comparison with the spectrum of
Si(0 0 4), the spectrum of GdxSi is assymmetric and
extended to the low-angular side of the peak,
which indicates that the lattice of silicon is
expanded because part of the silicon atoms are
substituted by the large size gadolinium atoms and
conﬁrm the inhomogeneous concentration of
gadolinium in depth.
3.3. Chemical surrounding analyses
Due to the limited information obtained by the
XRD, PHI-5300 XPS (X-ray Photoelectron Spec-
troscopy) was employed for the further study. The
ESCA is used for the characterization of changes
in the chemical environment of an element in
structure, mainly at the surface of the materials.
The inelastic mean free path (IMFP) of a
photoelectron is the function of its kinetic energy.
The typical energies of the photoelectron is in the
range of 100–1000 eV and the IMFP is on the
order 0.5–3 nm. This ensures that the XPS signal
comes only from the surﬁcial layer of the sample.
Fig. 4 shows the Si2p XPS spectra of the binding
energy vs. the intensity of samples A and B. The
binding energy of Si2p is separated into two peaks,
which indicates that there are two different kinds
of silicon in the different chemical surrounding.
The peaks at the binding energies 99.1 eV corre-
spond to silicon 2p in both samples A and B. Other
two peaks at binding energy 102.3 eV in sample A
and 102.4 eV in sample B are placed between the
binding energy of the silicide and silicon dioxide.
This is the common effect of the gadolinium and
oxygen around this type of silicon. By comparison
with the spectrum of sample A, the binding energy
102.3 eV increases a little to 102.4 eV and the
relative intensity increases too, resulting from the
less effective negative charge in sample B than that
in sample A. This is because the amount of
gadolinium ions in sample B is much larger than
that in sample A. The effective negative charge
reduction is the consequence of implanting triva-
lent gadolinium (The n-type silicon has become
p-type semiconductor after implanting the triva-
lent gadolinium, which increases the positive
charge. The detailed information will be published
elsewhere).
ESCA is mainly used to investigate the surface
of the sample, so the binding energy peak of
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Fig. 3. X-ray double-crystal diffraction pattern (o 2y scan). The inset spectrum of GdxSi indicates that the silicon lattice is expanded
after implanting the large size gadolinium atoms.
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oxygen is evident. Fig. 5 shows the O1s XPS
spectra of the binding energy vs. the intensity of
the two samples. The binding energy of O1s in
sample A is 532 eV, which is larger than that in the
metal oxides and smaller than that in the silicon
dioxide. This is the common effect of the
gadolinium and silicon. And in sample B, because
of the larger amount of gadolinium increasing, the
peak of O1s moves to low-binding energy a little
and the full-width at half-maximum (FWHM)
increases. The spectrum is ﬁtted by two Gaussian
functions, corresponding to peaks 532 and 531 eV,
respectively. This indicates that the chemical
environments of oxygen sites become different
with the increase of gadolinium and two types of
cation–anion bonds, Gd–O and Si–O, appear.
Considering the lower electronegativity of Gd3+
as compared with that of Si2+, the ionic character
of the Gd–O bond (7.4 eV in Gd2O3) is greater
than the Si–O bond (4.9 eV in SiO2), so some
oxygen bonds binding with silicon combine to
gadolinium after implanting gadolinium ions,
resulting that the binding energy of O1s is between
that in the metal oxides and in the silicon dioxide.
We assign the peak of O1s spectrum with higher
binding energy mainly to oxygen anions bounded
to silicon, while the peak of O1s spectrum with
lower binding energy is mainly assigned to Gd–O
bond. The spectra of Gd4d show similar features.
As shown in Fig. 6, the spectra of binding energy
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Fig. 4. Si2p XPS spectra of GdxSi. The spectra are ﬁtted by two
Gaussian functions, respectively. Samples A: the binding
energies corresponding to the two Gaussian peaks are 99.1
and 102.3 eV, respectively; sample B: the binding energies
corresponding to the two Gaussian peaks are 99.1 and 102.4 eV,
respectively.
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Fig. 5. O1s XPS spectra of GdxSi. The binding energy of O1s in
samples A is 532 eV; the spectrum of sample B is ﬁtted by two
Gaussian functions: the binding energies corresponding to the
two Gaussian peaks are 532 and 531 eV, respectively.
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Fig. 6. Gd4d XPS spectra of GdxSi. The binding energies
corresponding to Gd4d of both samples A and B are 142.9 eV.
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vs. the intensity of Gd4d electron show the peaks of
samples A and B have the same position 142.9 eV
between that of Gd and Gd2O3, the other peaks are
the safelifes of the mean peaks. This indicates that
there is no Gd2O3, and all the gadolinium ions are
in a similar chemical environment.
4. Conclusion
Semiconducting GdxSi samples were obtained
by mass-analyzed low-energy dual ion beam
epitaxy with gadolinium ion energy of 1000 eV
and doses of 3 1017 and 4.5 1017 cm2 at room
temperature. There is no new phase formed. The
binding energy of Si2p is separated into two peaks
because of the different silicon environment, one
of which is that of silicon and the other is between
that of silicide and silica. The binding energy of
O1s is between that in the metal oxides and in the
silicon dioxide while the binding energy of Gd4d is
between that in the metal and in the metal oxides.
All of these indicate that the amorphous semi-
conductor is formed but the oxygen at the surface
of ﬁlm is difﬁcult to eliminate.
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